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Abstract
This paper first presents a brief overview of the way geotechnical engineering has developed over the last
century in association with a number of empirical, analytical and observational approaches. In order to
explore the need for fresh perspectives, improvements in existing approaches and the development of new
ones, it is necessary to consider the enormous challenges that the engineering profession will face in the
foreseeable future due to global developments. These include energy needs, climate change, rising sea
levels, rapid increase in population, depletion of resources (water and fossil fuels) and increasing proportion
of lands which are ill-suited for development and of foundation sites which are of poor or marginal
suitability. Geotechnical engineers must look beyond their narrow specialties and learn to take a holistic
perspective in assessing the problems and devising their solutions. Multi-disciplinary approaches, already
very desirable for geotechnical engineers, will increasingly become more important and even essential. The
widespread adoption and further development of versatile spatial tools such as Geographical Information
Systems (GIS) has to be encouraged and accelerated. Increasing consideration has to be given to the
consequences of geotechnical solutions for the environment and for related issues of sustainability. During
the last fifty years the emphasis for outcomes of analysis in many problems has changed from assessment of
the values of the conventional ‘factor of safety’ to the assessment of ‘reliability’ under conditions of
uncertainty. Wider dissemination of the concepts of failure susceptibility within a probabilistic framework
is important. Qualitative and quantitative methods for the assessment and management of geotechnical
hazard and risk must be developed further and applied in a systematic manner. Relevant definitions of terms
must be further refined considering different contexts and situations. Acceptable and tolerable levels of
hazard and risk must be explored further. Future developments in some selected areas of geotechnical
engineering are considered briefly. The paper also considers the adequacy or otherwise of education and
training approaches for geotechnical engineers and explores the avenues of progress.
Key words: Geotechnical Engineering, Reliability, Hazard and Risk, Probability of Failure, Observational
approach, Uncertainty, Knowledge-based modeling, Geographical Information Systems, Climate change

MAIN OBJECTIVES OF THIS PAPER
Geotechnical engineering has generally been regarded as a part of civil engineering and this is still the case. The
fundamental principles of mechanics and hydraulics have underpinned its development. Recognition of the
particulate nature of soils and rocks, their geological origin, and their variability has led to the birth, nurturing and
development of the disciplines of soil mechanics and rock mechanics. The ups and downs in the fortunes of civil
engineering as a profession have largely reflected the destiny of geotechnical engineering as well and this continues
to be the case. Yet it is also valid to consider geotechnical engineering as an important bridge between geology,
geomorphology and civil engineering. Moreover, it has influenced and been influenced by mining engineering and
environmental engineering and these relationships will continue to develop. Many areas of geotechnical engineering
require an integrated and multi-disciplinary approach. In such applications, regarding geotechnical engineering
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merely as a subset of civil engineering will lead to incomplete understanding of problems and the development of
inadequate or incomplete solutions. Narrow perspectives can also stifle progress and innovation. One must also
consider links between the geosciences and geotechnical engineering in terms of common concerns and needs such as
obtaining, organizing, validating, displaying and interpreting surface and subsurface data. Cooperation with
geoscientists is also required for the development of specific areas of study and application such as geotechnical
earthquake engineering, coastal engineering and marine geomechanics.
Thus one must look at the big picture for understanding past developments and present practices and for developing
valid perspectives of the future. This should not mean simply following well-worn paths and considering progress
only in terms of improvements, adjustments and modifications of the current elements of what is regarded as good
practice. Adopting new paradigms may be desirable or even necessary. For example, in an article entitled ‘Civil
Engineering Crisis ‘, and pointedly referring to the consequences of globalization as well as the fall in the prestige
and standing of civil engineering as a profession, Arciszweski (2006) argues that the present paradigm which he
designates ‘quantitative’ should change to a new paradigm which he designates ‘balanced’. He suggests inclusion, in
the new paradigm, of knowledge and skills concerning computing, creativity and globalization in addition to factual
and analytical knowledge. As regards computing he refers to the importance of basic concepts and logic rather than
the present emphasis only on applications and the use of software developed by others.
Table 1. Number of people killed, injured or displaced globally due to natural hazards during the 20th
century (based upon WHO, 2002). Tsunami statistics updated to 26 December 2004. Before then, tsunami
ranked eighth in terms of death in the 20th century. Modified from Bryant et al (2005).

Floods

6 851 740

Global
deaths
(%)
66.01

Earthquakes

1 816 119

17.50

1 147 676

8 953 296

Tropical cyclones

1 147 877

11.06

906 311

34 272 470

Tsunami1

337 693

3.25

125 789

1 500 000

Volcano
Landslides,
avalanches, mud
flows
Extra-tropical
storms
Heat wave
Tornado
Cold wave
Fires
Total

96 770

0.93

11 154

197 790

60 501

0.53

8 071

3 759 329

36 681

0.35

117 925

12 606 891

14 732
7 917
6 807
2 503
10 379 340

0.14
0.08
0.07
0.02
100.00

1 364
27 887
1 307
1 658
3 382 714

0.00
575 511
17 340
140 776
185 033 065

Type of Hazard

Global deaths

Global Injuries

Global Homeless

1 033 572

123 009 662

Largest death toll event
and date

Death toll of
largest event

China, July 1931
Tangshan, China, July
1976
Bangladesh, Nov 1970
Indian Ocean, Dec 26
2004
Martinique, May 1902

3 700 000

Mount Huascaran, Peru,
1970
Northern Europe, Feb
1953
India, May 1998
Bangladesh, Apr 1989
India, Dec 1982
USA, Oct 1918

242 000
300 000
228 432
12 000
18 000
2 541
3 000
400.00
800.00
1 000

1

Data from National Geophysical Data Centre Tsunami Database (2005) and Intergovernmental Oceanographic
Commission (2003).

The long-term future of geotechnical engineering would, of course, be influenced by many factors. In order to discuss
where the profession is going, it is essential to consider first where it is now and how it got to this point. It would also
be useful to consider the unique challenges that are facing the world today, the truly global issues such as global
warming, sea level rise, rapid population growth, depleting resources (water and energy), increasing urbanization and
increasingly poor ground conditions for foundations and earth structures. It is also important to emphasise that there
is a huge the gap between the material conditions and development capacities of rich and poor societies or countries.
In some cases this gap is widening rather than narrowing. Consequently, the adverse impact of geotechnical failures
and catastrophic natural events is greater in the poorer societies. Moreover, there is a huge variability in the living
conditions of people within many societies or countries and this is reflected dramatically in poor quality of
infrastructure in some regions. At the extreme end of the spectrum, one must bear in mind the absence of essential
infrastructure such are roads, railways lines and clean piped water in many regions of the poorer societies.
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The number of people killed as a consequence of natural disasters during the 20th century, compiled from various
sources by Bryant et al (2005)is shown in Table1. The second last column shows the date and country of the highest
death toll event in each category. It is important to note that the poorer nations feature prominently in this data.
A recent study of landslide events worldwide (Petley et al, 2005) showed that the majority of fatalities associated
with landslides occur in the less developed countries and also that there is a close correlation between global climate
change and the number of fatalities from landslide events. Landslide fatality data for the period 1980-2000 is
presented in Table2. It is clear that the fatalities are much greater in the developing countries in absolute terms and
also greater as a proportion of the population.
Table 2. Landslide fatality data for the period 1980 to 2000 for the main continental areas: after Petley et al
(2005).

Continent

Deaths

N. America
Europe
Africa
S. Asia
E. & SE. Asia
Australaisia
C. Asia
S. America
C. America

62
535
612
2596
5125
119
1958
57365
38250

Deaths per
Population Total population
in millions
million per year
density
16
307
0.01
30
795
0.03
26
860
0.03
305
1300
0.1
193
2205
0.11
4
33
0.17
9
80
1.17
19.5
351
7.78
64
174
10.47

Most scientists, economists and an increasing number of policy makers are convinced about the urgency of the issues
raised by global warming. In addition to scientific journals, magazine and newspaper articles with this message are
published with increasing frequency (e. g, Geoscientist (2006), Gittins (2006)). Adverse effects of global warming
include dramatic rainfall fluctuations, and a greater likelihood of extreme weather events such as droughts, floods,
cyclones and storms. Scientists and engineers will be required to rise to the challenges posed by such changes and a
huge responsibility will rest on the geotechnical engineers to contribute knowledge and skills for developing and
using new strategies, methods and techniques for various tasks. These tasks may include construction and renewal of
infrastructure, mitigation of the effects of natural disasters, remediation of damaged areas and processes of recovery
within areas affected by rapid environmental change.

BASIC ELEMENTS OF GEOTECHNICAL ENGINEERING
The emphasis in geotechnical engineering has always been on achieving appropriate solutions to specific problems
and projects using a number of steps such as site investigation, soil and rock testing, modeling, empirical methods,
mathematical analysis, field measurements, observation (monitoring) and design. Depending on the type and
importance of the project and the availability of resources, some or all of these elements may be considered essential.
In the past , there was a tendency, in some applications, to leave everything to the construction company. For
example, reviewing the historical practice with regard to deep foundations, Poulos (2003) has observed that until the
latter half of the 20th century, the foundation contractor controlled many aspects ranging from investigation and
design to construction and remediation . However, he points out that the situation now is very different with analysis,
design and construction being handled by independent specialists. This has obvious advantages, yet the disadvantages
of fragmentation should not be overlooked and these might include ambiguity and conflict in technical areas as well
as challenges in communication. One could safely generalize and say that these disadvantages can apply to all areas
of geotechnical engineering unless there is good teamwork on projects. Tables 3, 4 and 5 provide relevant glimpses of
some aspects related to foundations with particular reference to pile foundations
The more complex a geotechnical problem, the greater the care required in each of the steps and elements mentioned
above and the more sophisticated the method of analysis that would be used today. Yet one must remember that much
of the success achieved by geotechnical engineers in developing good methods of analysis and understanding
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performance was due to the significant initial progress in theoretical concepts (e. g. Terzaghi, 1943). This progress
was highlighted by the discovery of the principle of effective stress for saturated soil masses leading to a better
understanding of shear strength concepts and the key role of permeability of soil masses. These concepts led to a
gradual appreciation of the role of excess pore water pressures generated during loading and unloading and of the
differences in behaviour between saturated and unsaturated soils.

Table 3. Summary of aspects of deep foundation technology considered at ASCE International Deep
Foundations Congress (O’Neill & Townsend, 2002).
Aspect
% of papers addressing
that aspect
Investigation
6
Design/analysis
44
Construction
7
Testing
27
Performance
9
Remediation / enhancement
7
Table 4. Origin and occurrences of problems in geotechnical work (Sowers, 1993).
Aspect

% of cases in which
the problem
originates with the
aspect

% of cases in which
the problem occurs
with the aspect

Planning

1

1

Design

57

1

Construction

38

41

Operation

4

57

Table 5. Summary of loading types considered in papers to International Deep Foundations Congress
(O’Neill & Townsend, 2002).
Loading Type

No. of Papers

Static axial

73

Cyclic Axial

1

Static lateral

12

Cyclic lateral

0

Axial + lateral

3

Dynamic

1

Earthquake

4

Soil Movements

3

4

Theories of elasticity and plasticity and the concept of limit equilibrium proved to be very useful during the early
decades of development of geotechnical engineering. Thus there was a sound basis for the solution of many problems
concerning the stability of foundations, slopes, excavations, embankments and tunnels both in soil and rock provided
that care was taken to respect fundamental concepts such as effective stress which are of particular relevance to the
behaviour of three phase particulate materials such as saturated and partially saturated soils.
Progress was also associated with increasing understanding of the importance of geology and, in particular, of
geological structure. Modelling geotechnical problems requires knowledge of the location and nature of geological
discontinuities. Moreover, the performances of slopes, embankments, foundations and other structures can be
significantly influenced by minor geological details which may not be revealed by conventional or routine site
investigation. Learning of the relevant lessons requires early mentoring of young engineers and engineering
geologists as well as using and sharing within any team of professionals the benefits of individual experience

CONCEPTS OF SAFETY AND RELIABILITY
The outcomes of conventional geotechnical analysis such as that based on the concept of ‘limit equilibrium’ are often
considered in terms of a ‘factor of safety’ or ‘safety factor’, F. A mathematical formula or an iterative procedure is
developed to calculate F after modelling a particular geotechnical problem. Theoretically, for given conditions
represented by the values of important field parameters such as shear strength parameters, pore water pressures,
geometrical parameters and external loads, a calculated value F=1 defines critical equilibrium, a value F<1 being
interpreted as failure and F>1 as success. The uncertainties associated with the calculated safety factor were
acknowledged from the early days of geotechnical engineering and the use and abuse of such calculated parameters
was also debated. It took several decades, however, before attention was drawn to the need for systematic evaluation
of variability and uncertainty in the basic geotechnical parameters It was also recognized that the way in which the
safety factor is defined can have a significant influence on the calculated value of F. The allowable or tolerable factor
of safety Fa is based on the experience of the geotechnical engineer and may vary from as low as 1. 1 for some
natural slopes to as much as 3 or 4 for foundations of important structures. Failures of geotechnical structures
sometimes occurred even when the calculated safety factor was significantly greater than 1. On the other hand, a
deterministic approach using a high safety factor could also lead to an overly conservative design. Therefore, the need
was recognized for fresh perspectives and for developing other methods and approaches in order to complement
conventional deterministic approaches.
It was in this context that the application of statistics and probability received significant attention during the last four
decades of the twentieth century. Both simple and sophisticated methods within a probabilistic framework have been
developed for use in geotechnical engineering. The value and power of these concepts and approaches has been
demonstrated by many researchers and geotechnical practitioners. Yet, the methods are still not used widely. This is
clearly an important are for future development.
It is important here to give a simple example of the perspective that can be gained by using a probabilistic approach.
Consider a foundation or any other geotechnical structure with a mean factor of safety value, F=1. 2. Suppose it is
considered important to increase this to F=1. 4. How large an increase in reliability does this increase represent? For a
start, one may calculate the Reliability Index, RI, for which a simple definition can be adopted as the ratio of safety
margin to the standard deviation of F. The safety margin is defined as (F-1 ). Suppose the standard deviation of F is
constant at 0. 1. The value of RI doubles from 2 to 4 as F increases from 1. 2 to 1. 4. So one gains a better
understanding of the increase in reliability in this way. Now we can go further and consider the failure probability.
Assuming a normal or Gaussian probability distribution for the factor of safety, the calculated failure probability
decreases from 2. 27 % to 0. 0033% as F increases from 1. 2 to 1. 4. Thus one learns that the failure probability
decreases by three orders of magnitude. A deterministic approach does not offer such a sharp insight concerning the
reliability of a geotechnical structure.
The probabilistic approach goes much beyond these simple calculations. The characterization of variability and
uncertainty and the detailed calculation of probabilities can be quite involved and complex. This has led to the
development of random field models which include consideration of the scale of fluctuation of any parameter
considered to be a random variable with spatial variability. In a recent paper concerning slope stability in weak rock
masses (Hsu and Nelson, 2006) it was shown that consideration of spatial variability influences the failure modes as
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well as the probabilities of failure. Slopes that appear to be stable on the basis of average shear strengths could be
unstable if the spatial variability of strength is considered.
Another recent paper (Foye et al, 2006) surveys the role of reliability-based design (RBD) of foundations, a design
philosophy which aims at keeping the probability of limit states lower than the limiting ones. RBD evaluation
includes assessment of variable uncertainties. Using RBD is not possible with a working stress design
(WSD)approach and one must consider the ultimate limit states (ULS) as well as the serviceable limit states (SLS).
The paper argues that it is preferable in all but the very large budget projects to consider load and resistance
separately in a design method which is called the LRFD method and has all the benefits of RBD approach.
Extended concepts and procedures are required for estimating conditional probabilities of failure which are very
important in geotechnical engineering applications because of varied causes and modes of failure that can occur and
because of the role of triggering events such as rainstorms and earthquakes. . Similarly time-dependent problems
require special probabilistic models. Some problems can be framed much better in probabilistic terms. However, even
probabilistic calculations based on conventional geotechnical models can very usefully complement deterministic
solutions.
Table 6. Reliability index and failure probability of natural slopes - suggested values --Chowdhury and Flentje
(2003)

Slope type and location

Potential failure mode

Potential consequences

Minimum
reliability
index

Maximum
failure
probability

Wooded/forested
slopes,
moderate to steep inclination,
colluvium or residual soil
cover

Shallow
sliding,
limited
movement or just slope
deformation without overall
failure

No elements at risk, no
potential for debris flow
formation

1

0.15

Slopes of low to moderate
inclination in which high pore
water pressures can develop,
forested or cleared sloping
areas

Slow-moving slides, shallow
to deep-seated, relatively flat
slip surfaces

No potential for catastrophic
failure without warning signs.
Progressive action during
successive rainstorms may
induce complete failure over
time; no elements at risk

1. 5

Relatively steep slopes with
high relief in forested or
cleared areas, slopes near
natural gullies, colluvium or
residual soil cover

Shallow sliding with rapid
movement and potential for
large travel distances

Significant
potential
for
debris flow formation during
intense storms, considerable
travel distance; elements at
low to moderate risk of
damage

2

Slopes in which high pore
pressure can develop; near
urbanised areas

Sliding with rapid movement,
shallow to deep slip surfaces
with
relatively
steep
inclination

Elements at moderate to high
risk of damage or destruction
from landsliding

2. 5

Sliding with rapid movement.
Shallow to deep slip surfaces
with
relatively
steep
inclination

Elements at high to very high
risk of destruction from
landsliding

Slopes in which high pore
pressures can develop; very
close to properties in
urbanised areas

(15%)
(15 x 10-2)
0.05
(5%)
(5 x 10-2)

0.01
(1%)
(1 x 10-2)

0.005
(0.5%)
(5 x 10-3)

3

0.001
(0.1%)
(1 x 10-3)

The role and relevance of probabilistic approaches also requires exploration of acceptable and/or tolerable values of
failure probability. Moreover the evaluation or interpretation of temporal probabilities of failure based on the analysis
of field data recorded over time is still evolving and also requires a change in the way acceptable reliability is defined
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(Chowdhury and Flentje 2003, Ko Ko et. al., 2004, 2005) In practice it is important to define minimum values of
reliability index and maximum values of failure probability. Researchers and practitioners need to work together in
order to develope sound guidelines in this regard. This is a very important area for future development. For example,
Chowdhury and Flentje (2003) have suggested values of minimum reliability index and maximum probability of
failure for natural slopes shown here as Table 6

ADVANCED NUMERICAL MODELS
Another major reason for the development of more sophisticated methods relates to the estimation of strains and
deformations for which a limit equilibrium approach is inadequate and noting that closed-form solutions are available
for very simple problems and a limited range of situations. Advanced deterministic methods of analysis such as the
finite-element, boundary-element and distinct-element methods developed rapidly with the advent of computers.
These sophisticated methods are versatile with applications in many fields. Geotechnical engineers soon realized the
value of these methods for understanding the distribution of strains and deformations in soil and rock masses.
Moreover, given reliable data on the values of key geotechnical parameters, better predictions of deformations could
be made than was possible from closed-form solutions based on theories of elasticity and plasticity. However,
obtaining good data is not an easy task even for geological bodies which may appear homogeneous. In reality, the
heterogeneous and anisotropic nature of soil and rock masses makes the task of evaluating the parameters very
challenging. Thus a careful balance has to be struck between, on the one hand, adoption of simplified methods of
analysis with limited aims as to outcomes but requiring limited number of parameters to be evaluated and, on the
other hand, the use of sophisticated methods allowing far better predictions but requiring the evaluation of far more
data which are generally difficult to obtain even with the commitment of considerable additional resources.
The availability of increasingly more sophisticated computational tools influenced the direction of research in a way
that may be considered a mixed blessing for a field such as geotechnical engineering where the reality is often very
difficult to model because of the variability of geological materials and the complexity of their behaviour under
natural and imposed environmental conditions.

THEORETICAL VERSUS PRACTICAL RESEARCH
As computers capable of performing fast calculations became widely available, analytical and laboratory –based
research considered as ‘theoretical’ research received a great boost and researchers gave less emphasis to field studies
including field testing and monitoring, the so-called ‘practical ‘ geotechnical research. For the approximate period
(1955-1975) this was confirmed by Legget (1979) based on an analysis of the number of ‘theoretical’ and ‘practical
papers published in Geotechnique and in the Journal of Geotechnical Engineering, ASCE. ( Fig 1)
This trend of the relative increase in theoretical research effort and the relative decline of research effort in the
practical areas has continued over the rest of the twentieth century as well. However, the progress thus achieved
provided the tools for major breakthroughs in simulating the behaviour of geotechnical structures in terms of stresses,
strains and deformations including the modeling of construction history and predicting full-scale behaviour where
field testing was simply prohibitive or, in some cases simply impossible. These tools enabled the analysis of
structures subjected to waves and ocean currents such as offshore structures and complex problems of geotechnical
earthquake engineering. Moreover, some of the advanced solutions could be routinely applied for improved
prediction of stability and deformations in less complicated problems as Poulos (2003) has pointed out in respect of
pile foundations

UNCERTAINTY, HAZARD AND RISK
As stated earlier, the importance of uncertainties in geotechnical engineering was recognised during the second half
of the twentieth century and it became important to understand the types of uncertainty and to develop methods for
analyzing them. Even today many engineers do not fully appreciate the differences between the natural variability of
geotechnical parameters, on the one hand, and systematic uncertainties and bias, on the other hand. The latter are
associated with each parameter as a consequence of the particular methods of investigation and measurement used.
Again there may be uncertainties associated with the geotechnical model used and allowance must be made for that
uncertainty in considering and using a method of analysis.
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Figure 1. Proportion of practical and theoretical published papers (Legget, 1979).
An important development in geotechnical engineering was the recognition of the role of what Casagrande (1965)
termed ‘calculated risk’. However, several decades were to pass before statistical methods would be used in a
systematic way or probability theory would be applied to geotechnical problems. Concepts of hazard, consequence
and risk were also not explored for several decades. The application of reliability concepts and consequences of
failure for exploring tolerable or acceptable risk was discussed in a key paper by Whitman (1984). A great deal of
further thinking, study, research and practical application of risk management has been carried out since that time.
One only needs to refer to the various National Standards, such as the Australian Standard on Risk Management
(AS/NZS 4360:2004) which was first published in 1995 and other similar generic documents internationally (e.g.
England and Canada). The Australian Geomechanics Society has developed a specific landslide risk management
document entitled ‘Landslide Risk Management Concepts and Guidelines’ (AGS 2000; available as a pdf download
from the internet at http://www.australiangeomechanics.org/).
It is important to fully understand and then clearly define terms such as hazard, vulnerability and consequence before
risk can be properly evaluated or assessed. Probability of occurrence of failure or susceptibility of failure is the most
important aspect of hazard or likelihood of failure provided that the ‘time’ aspect or the temporal aspect is included.
For example, this temporal aspect is not evident when a performance function such as the factor of safety, F is used
within a probabilistic framework to calculate the probability of failure. What is really required in many problems is
the probability that failure will occur in a specified time such as the design life or, alternatively, say within one year.
Calculating and stating annual probabilities of failure for any geotechnical structure would indicate the levels of
hazard expected or predicted under the respective conditions considered. Economic consequences of failure as well as
human casualty must be considered in combination with likelihood/hazard for evaluating respectively the economic
risk and the risk of human casualty. In general terms, risk is defined as the product of hazard/likelihood and
consequence and this is the basis of what is often called the hazard-consequence matrix approach for risk assessment
in either a qualitative or a quantitative context.
An assessment strategy for geotechnical hazard and risk should first be envisaged in accordance with the type of
project, the problems encountered in its implementation and the available resources including time. The strategy
should include provision for both regional and site-specific studies and for both qualitative and quantitative
approaches. The strategy should be able to include individual structures such as building foundations and dams on the
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one hand and infrastructure such as roads and railway lines which may extend over a large region. An example of a
three-level strategy adopted by Ko Ko (2001) is shown here as Fig 2. This strategy was used for a comprehensive
study of the risk of landsliding along a railway line. Type I studies were site-specific and qualitative, Type II studies
were regional and holistic, qualitative and semi-quantitative and Type III studies were site-specific detailed and fully
quantitative. Type II studies were useful in the context of both the qualitative (I) and the quantitative (III) site –
specific studies.
Qualitative measures of likelihood, consequence (to property) and risk have been proposed by AGS (2000) and are
shown here as Figures 3, 4 and 5. The proposed indicative probabilities are also shown in these figures. Note that the
values in Figs 3 and 6 are annual probabilities. These values would depend on the type and importance of a project as
well as its location. In this case the values were proposed with particular reference to slope stability and landslide
management projects.
Quantitative methods in the context of landslide hazard assessment have been explored by Chowdhury et al (2002)
and Ko Ko etal (2004, 2005). Even now in 2007, the systematic use of concepts related to hazard, consequence and
risk is limited to relatively few geotechnical engineers throughout the world. Further developments are required to
improve an understanding of these concepts and their application. Reasons for lack of widespread acceptance of the
hazard-consequence framework need to be explored.
Hazard Identification
Risk Estimation/Evaluation

Type I

Type II

Type III

Individual sites. Preliminary,
visual or walkover assessment of
Hazard/Frequency, elements at
risk and consequence. The
writers have developed a
systemmatic, factor based
assessment and a
hazard/consequence matrix
approach for assessing risk is
advocated

Suitable for larger areas where
causal triggering factors and/or
historical performance of
landslides considered in
estimation of Hazard/Frequency,
elements at risk and
consequence. Type II most
useful in combination with Type
III and is also useful with Type I

Detailed geotechnical analysis
and deterministic and/or
probabilistic slope stability
analysis supported by a regional
Type II assessment

Evaluate the Risk

Figure 2. Three level strategy for Risk Evaluation – qualitative to quantitative spectrum. (Ko Ko, 2001)

Qualitative Measures of Probability of Instability Occurrence
Level
A

Descriptor
Almost Certain

B

Likely

C

Possible

D

Unlikely

E

Rare

Description
This event is expected to occur.
This event will probably occur under adverse
conditions.

Indicative Annual
Probability
>»10-1
»10-2

The event could occur under adverse conditions. »10-3
The event might occur under very adverse
conditions.
This event is conceivable but only under
exceptional circumstances.

»10-4
»10-5

Figure 3. Proposed qualitative measures of Probability of instability /Likelihood; after AGS (2000)
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Indicative
Consequence
Probability

Qualitative Measures of Consequence to Property (Complete Suburb)
Level

Descriptor

1

Catastrophic

2

Major

3

Medium

4

Minor

5

Insignificant

Description
Extensive number of houses completely
destroyed or damaged

>»10-1

Widespread damage or destruction to houses

»10-2

Significant number of houses damaged or
destroyed
Limited number of houses damaged or
destroyed
Small number of houses damaged

»10-3
»10-4
»10-5

Figure 4. Proposed qualitative measures of consequence—after AGS (2000)

LIKELIHOOD
A
Almost Certain
B
Likely
C
Possible
D
Unlikely
E
Rare

1
Catastrophic

2
Major

CONSEQUENCE
3
Medium

4
Minor

5
Insignificant

Very High

Very High

High

High

Moderate

Very High

High

High

Moderate

Low

High

High

Moderate

Low

Very Low

High

Moderate

Low

Very Low

Very Low

Moderate

Low

Very Low

Very Low

Very Low

Figure 5. Proposed qualitative measures of risk—the risk matrix---after AGS (2000)
Risk Level

Risk
Product
-3

VH

Very High Risk

>10

H

High Risk

> 10

-4

M

Moderate Risk

> 10

-6

L

Low Risk

> 10

-7

VL

Very Low Risk

< 10

-8

Example Implications
Majority of suburb effected by landslide, large scale damage to houses
Large proportion of suburb effected by landslide, extensive number of
houses effected
Significant amount of suburb effected by landslide, significant
number of houses effected
Limited amount of suburb effectd by landslide, little damage to
houses
Small amount of suburb effected by landslide, very small chance of
houses damged

Risk Product = (Indicative Annual Probability) x (Indicative Consequence Probability)

Figure 6. Indicative table of risk product (probability) and example implications -- after AGS (2000. )
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GEOTECHNICAL RISK MANAGEMENT

GEOLOGY

EXISTING
LANDSLIDES

POTENTIAL
LANDSLIDE

ELEMENTS
AT RISK

ANALYSES OF HISTORICAL
DATA

ELEMENT
VULNERABILITY

HAZARD ASSESSMENT

CONSEQUENCES
OF FAILURE

RISK ASSESSMENT

ACCEPTABLE/TOLERABLE RISK

RISK MANAGEMENT

RESEARCH, OBSERVATION & COMMUNICATION : ITERATION

Risk management is one of the most important aspects of modern geotechnical engineering projects and, within an
overall strategy, it involves a number of stages and steps. These range from identification of the hazardous conditions
(i.e. the compilation of an inventory), assessment of hazard or likelihood (including an assessment of the probability
of occurrence of the event), vulnerability of elements at risk, consequences of failure and risk to the assessment,
definition and adoption of values of acceptable or tolerable values of risk and finally to adoption of decisions and
actions including observation, monitoring, communication and research and then iteratively updating the whole
process as required. A simple flow-chart showing the overview of a risk management strategy for landslide problems
is shown here as Figure 7. An important point to note is the general relevance to Geotechnical Engineering of the
methods and techniques mentioned here, namely the use of GIS and the risk assessment philosophy. Although the
following refers to slope stability, the use of GIS –based risk assessment strategies and methods can be developed for
other geotechnical projects consistent with the requirements and goals of those projects.

Figure 7 Flow chart showing overview of a Risk Management strategy
In order to carry out the steps involved in Figure 7, the collection of historical information is essential as well as the
collection of other regional and site-specific data. The development of relevant databases and inventories is most
desirable. For example, the UOW Landslide research project which started about 15 years ago required the
establishment of a comprehensive borehole database of the region (Flentje, 1998). Moreover, the development of a
comprehensive landslide inventory was initiated at the same time and has been progressively updated over the last 15
years. Each landslide has a unique site reference code and over 70 fields of information such as the size, type and
frequency of sliding, the date of first occurrence, the results of investigations etc.
GIS is well suited for managing the spatial and temporal aspects of large data sets relating to surface and subsurface
conditions, geology, water table and other relevant parameters. Depending on the factors which are considered
influential for geotechnical performance, the key parameters are selected for analysis and synthesis related to
assessment of hazard and risk. A digital elevation model (DEM) is useful in this context. Any number of data layers
can be handled within a GIS-based approach using the most appropriate geotechnical and computing models. For
regional assessment of landslide susceptibility, the concept of overlaying data layers is shown here as Figure 8.
A variety of GIS-based computing methods have been developed in geotechnical engineering and these include
knowledge-based modeling, computer intelligence, neural networks and data-mining approaches. (Aleotti and
Chowdhury, 1999, Flentje et al, 2005, Flentje and Chowdhury, 2006) Quite clearly, there are similarities between the
individual methods and approaches, yet they can differ considerably in the assumptions and details of assessment. A
recent study of landslide susceptibility and hazard within an urban area has been successfully completed
incorporating the use of a knowledge-based data-mining approach. A segment of the colour-coded 2-D map of
landslide susceptibility is shown here as Fig 9 while an oblique 3-D view is shown here as Fig 10 (Flentje and
Chowdhury, 2006)
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Figure 8. Concept of GIS-based approach incorporating a Landslide Inventory and other data layers.

Figure 9 Two dimensional view of GIS-based Landslide Susceptibility map of a part of Wollongong’s northern
suburbs. — after Flentje and Chowdhury (2006)
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Figure 10 Oblique 3D GIS view of Landslide Susceptibility map of a part of Wollongong’s northern suburbs.
Susceptibility legend shown in Figure 9. –after Flentje and Chowdhury (2006)

AN OBSERVATIONAL APPROACH BASED ON REAL-TIME MONITORING
The development of an observational approach and its advocacy by Peck (1969 ) was another notable development in
the history of geotechnical engineering. This approach requires advance planning, at the time of the initial design, of
field measurements to be made during construction and of how the data from such measurements would be used in
modifying the design in order to achieve a more efficient, safe and economical design. Looking to the future, broader
perspectives on the ‘observational approach’ are needed to meet the challenges of the future, including risk
management.
One such approach has been developed over the last few years in relation to geotechnical and landslide management
strategy within an urban area of Australia (Flentje et al, 2005, Flentje and Chowdhury, 2006). This approach involves
collaboration between the University of Wollongong (UOW) and geotechnical engineers from the industry partner
organizations, namely, the Roads and Traffic Authority (RTA), RailCorp and the Wollongong City Council (WCC).
Collaboration from the Information Technology Services division of UOW (ITS) and from the Centre for Educational
Development and Interactive Resources (CEDIR) has also been a key feature of this project and, in the future,
Telstra, a leading Telco in Australia will also play a small part.
The main aim of the project is the real-time continuous monitoring of subsurface movements and pore water
pressures and relating these to continuously monitored rainfall. The research has both fundamental and applied
aspects. The basic, long-term aspects relate to understanding of cumulative rainfall thresholds for triggering of
geotechnical instability as well as thresholds considered in terms of the magnitude and frequency of subsurface
movements and/or in terms of pore water pressures. The applied aspects relate to enhancement of the strategies for
the efficient operation of the regional transport infrastructure (railway lines, highways, regional roads) and may
include landslide management in near-real time and development or improvement of early warning strategies. Several
field monitoring stations have already been established according to the needs of the partner organization based on
previous research. It is expected that more stations will be added to the network over the next three years. The depths
of measurement at each location have been decided based on judgement and on the results of previous research
including traditional periodic inclinometer monitoring. The concept and main elements of this project are illustrated
here by Figs 11, 12 and 13 (Chowdhury and Flentje, 2004). Continuous data obtained in the field is transferred
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automatically from the field sites to a web-based interface and software has been developed to generate the
appropriate curves showing the variation with time of pore water pressure, subsurface displacement and rainfall. The
information can be accessed at any time by authorized personnel. It is important to note that field sites which are
located outside the main study area (Illawarra region of the state of New South Wales, NSW) can be included. Thus
research may be extended to particular sites in other Australian states. In fact, two remote stations, one in the state of
Victoria and the other in the state of Tasmania are being established and will be linked to this web-interface.
Figs 14 and 15 show parts of continuous data collected and processed in the way explained above and the webinterface as well (Flentje et al 2005)
Real-time data from Instrument
Cluster,distributed widely within study area
* Rainfall (pluviometer)
* Pore Water Pressure (vibrating wire)
* Shear deformation (insitu inclinometer)

Experience, Research and Analysis of Monitored data

Control
Centre

Study relationships between:
* Rainfall Distribution and Pore Water Pressure
* Pore Water Pressure and Deformations

Initial Thresholds Set

Review and Update Thresholds

YES

Rainfall exceeded ?
NO

YES

Pore Water Pressure
exceeded ?
NO

NO

Deformation exceeded ?
YES

Risk Management
Actions/Decisions

Figure 11 Flow chart for real-time monitoring and the establishment and use of thresholds of rainfall, pore
water pressure and landslide movement –after Chowdhury and Flentje (2004)
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Figure 12. Flow chart demonstrating one aspect of the observational approach. -after Chowdhury and Flentje
(2004)

Field
Field Site
Site A
A

Real-time Web
based data
presentation

Field
Field Site
Site B
B

Field
Field Site
Site C
C

Control
Centre
Data readily
available for
other
applications

Field
Field Site
Site D
D
Field
Field Site
Site n
n-1-1

Figure 13. Concept of network of geotechnical field monitoring stations as part of a real-time monitoring
system with automated transfer of data.
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Figure 14 Landslide Site 355 in the suburb of Scarborough showing continuous data from Landslide Field
Station. -after Flentje et al (2005)

LEARNING FROM CHALLENGES AND FAILURES
Unexpected geotechnical failures or challenging projects and situations have led to some important developments in
geotechnical engineering. The construction of offshore platforms for oil and gas exploration led to research on the
shear strength of soils under cyclic loading conditions and to the development of geotechnical methods and
techniques for constructing such platforms safely.
Failures Triggered by Earthquakes
The catastrophic failures of major structures during earthquakes have led to an understanding of the phenomena of
liquefaction in cohesionless soils and for the development of empirical and analytical approaches to assess the
potential for liquefaction. Research related to seismic liquefaction will continue to be very important for the stability
of major and minor structures, the lateral stability of deep foundations, stability and deformations of sloping areas and
castal cliffs as well problems of lateral stability of soil masses generally. Therefore, this is one of the topics included
in this paper.
Liquefaction susceptibility during earthquakes is usually associated with coarse-grained soils, mainly loose to
medium sands. Considerable field evidence has been collected over the last several decades and empirical approaches
have been developed for assessment of liquefaction hazard. To get the best results from the use of these procedures
careful site investigations are required to be carried out in order to learn about the in-situ relative density of the soils.
Numerical modeling of stresses and deformations are also useful. Recent research has been summarized, among
many others, by Idriss and Boulanger (2004) and by Seed (2003). Among many papers available on modeling and
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simulation, the reader may refer to two papers on dynamic soil liquefaction analysis by Liyanapathirana and Poulos
(2002, 2005). The first paper reported that the results of analyses related to the effect of the 1995 Kobe earthquake
agree well with recorded accelerations and lateral ground displacements at Port Island Kobe. The second paper
presents a pseudostatic approach for seismic analysis of piles in liquefying soil and good agreement is reported
between computed and recorded pile bending moments considering the response of pile foundations during the 1995
Kobe earthquake and some centrifuge tests where extensive soil liquefaction had been observed

Figure 15 Web based landslide monitoring user interface for landslide Site 355. With rate of inclinometer
displacement graph for 2 weeks up to 1st November 2004 12am. —after Flentje et al (2005)
Relatively little research has been carried out concerning the liquefaction susceptibility of fine-grained soils. One of
recent studies in this regard has been reported by Bray and Sancio (2006) and this research provides insight into the
effects of confining pressure, initial static shear stress and stress path on the liquefaction of fine-grained soils. In such
soils, the type of liquefaction involves only limited flow deformation resulting from transient loss of shear resistance
and this phenomenon is termed as ‘cyclic mobility’. . The main conclusion is that young, shallow, non-plastic silts
and clayey silts of low plasticity (PI<12) at high ratios of water content to liquid limit (. 0. 85) can liquefy under
significant cyclic loading. However, some soils with PI<12 may not be susceptible to liquefaction
Failures of structures founded on soft cohesive soils during earthquakes have led to an understanding of amplification
of seismic ground motion in such soils. Decreased slope stability in non-liquefiable soils can be modeled with a
modified limit equilibrium approach combined with the sliding block concept using basic dynamics. This was first
demonstrated by Newmark (1965). The concept of critical acceleration must be understood in this regard. Due to
space limitations, recent research concerning earthquake-induced landsliding is not reviewed here. Similarly it has
not been possible to review recent developments in sliding–block approaches and in the development and use of
sophisticated methods of seismic analysis
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Non-Seismic Failures - Residual Shear Strength, Pore pressure equilibration and progressive failure concepts
It is important to recall here that the occurrence slope failures and catastrophic landslides under different non-seismic
conditions led to an understanding of the way in which shear strength of cohesive soils decreases from a peak to a
residual value after large relative deformation along a slip surface. Research also revealed that the field values of
residual shear strength could be different from those measured in the laboratory which would, in any case, be
dependent on the the type of equipment used. Unexpected failures of some slopes and cuttings led to an
understanding of the role of initial stresses and the process of transformation from stability to failure which may be
described as ‘progressive failure’ In many cases of excavated slopes of overconsolidated cohesive soil, the time
dimension of progressive failure was associated with the rise or equilibration of pore water pressures from the
lowered values associated with the negative excess due to the initial excavation. Thus an understanding of delays in
failure ranging from few years to several decades became possible. The process of static liquefaction was understood
as a consequence of catastrophic failures in slopes of loose fill triggered by rainfall. With rainfall, initial increase in
pore water pressure occurs and critical equilibrium is reached and failure is initiated. Meanwhile, contraction of the
loose soil occurs during the initial deformations associate with localized failure. Such contraction leads to the
development of excess pore water pressure and the failure becomes catastrophic. There is significant scope for the
application of probability concepts to potential problems of progressive failure in a comprehensive way. The senior
author devoted considerable research effort to such studies during the late 1980s and early 1990s and the work has
been published in learned journals. More recently several PhD theses at the Imperial College of Science and
Technology, London have been devoted to issues concerned with strain-rate dependent decrease of shear strength in
the ring-shear apparatus. Those studies may have significance for future directions in geotechnical engineering
practice.

DISCUSSION AND CONCLUSIONS
A brief overview of the development of geotechnical engineering has been provided. The current status and emerging
trends in a few important areas of the profession have been highlighted. Considering routine problems in the future,
continuation of present trends might suffice, provided the latest and versatile methods and techniques such as,
sophisticated analytical models and tools, knowledge-based modeling and spatial tools such as GIS are adopted
widely and efficiently, in addition to simple but robust analytical and probabilistic methods. This requires greater
efforts in research and technology transfer from research teams to the profession and from the developed societies to
the developing world along with the commitment of adequate resources for such tasks.
However, as has been pointed out, the future will pose enormous challenges due to globalization and due to issues
raised by phenomena such as climate change and with respect to natural disasters and other damaging events. The
impact of these factors should be considered urgently and in a systematic manner. That is the first important task. The
need for infrastructure development and renewal will increase dramatically and the stark contrast between developed
and developing societies will pose even greater challenges. Another important task should be to ensure greater
awareness of future challenges broadly within the profession. A comprehensive revision of academic curricula for
geotechnical engineering to reflect these emerging global challenges should have a high priority. Intensive efforts
should be initiated for multi-disciplinary thinking during the initial training of geotechnical engineers and engineering
geologists, during continuing education and also broadly within the profession. (In the version of this paper to be
presented by the senior author at the January 2006 conference in Shibpur, these issues will be brought out in greater
detail). Interdisciplinary linkages must become the norm in the development of national strategies addressing these
global challenges. Such linkages should also extend down to the grass roots ‘project’ level.
That the dangers of global warming are not being matched by adequate funding for mitigation or adaptation strategies
is a major challenge for the future of many societies and nations (Geoscientist 2006, Gittins, 2006). Consequently
concerned scientists, engineers and others must campaign for progressive and significant change in the policies of
government and non-government organizations. By demonstrating that the profession has the answers for the major
problems there will be greater likelihood of obtaining resources than by adopting a ‘wait and see’ approach. For
example, has enough been done by geotechnical engineers worldwide after major natural disasters, such as after the
Gujarat earthquake 2001, or after the 2004 Tsunami or after the 2005 Pakistan earthquake or Hurricane Katrina in the
USA in 2005? And, if so, has this work been highlighted in major reports and disseminated widely? Such efforts
would greatly enhance the status and future of the profession as well as facilitate the attraction of resources for future
research.
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Similarly major reports might be prepared with focus on some areas of geotechnical engineering in order to illustrate
developments which are most desirable or most likely to occur. These might include geotechnical hazard and risk,
urban slope stability and landsliding, real-time monitoring and, knowledge- based modeling
The current state-of-the–art of geotechnical engineering has been shaped primarily by the needs of society and the
immense progress of science and technology in the last century. Research and scholarship undertaken in universities
and in the major research institutes has been of critical importance for development of good geotechnical practice.
What has been the contribution of basic versus applied research? Is the current research contribution as good as it has
been in the past or is it less or more useful and influential? Is the process of transfer of research findings from
researchers to practitioners an efficient one? Is the profession more or less attuned to adoption of research findings?
The profession must work urgently with consistency and due diligence to provide comprehensive answers to these
questions.
Lessons have been learnt, to some extent, from failures of geotechnical structures resulting from one or more of the
following factors:- incomplete understanding of the problem or of the geomechanics principles, inadequate
investigation, flawed modeling, inaccurate analysis, poor design, faulty construction, lack of proper observation and
monitoring. The profession needs to devote sufficient resources and time to improve the extent and rate of learning
from observed performance and from any future failures.
Better strategies need to be developed in meeting the challenges of uncertainty, spatial and temporal, posed by
catastrophic failures caused by extreme natural events such as earthquakes or rainstorms.
It is tempting to believe that factors similar to those operating in the past will influence the future directions of
geotechnical engineering. However, this would be at best an incomplete answer to questions about the future shape of
geotechnical engineering practice for two main reasons. One is the implicit assumption that the past is always a good
guide to the future. The other is the fact that there are major new challenges facing the world today as pointed out
briefly earlier. These challenges are unprecedented and truly global. Moreover, society in general and scientists and
engineers, in particular, are only just beginning to get to grips with such challenges.
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